T HIS paper is concerned with establishing, upon a sound theoretical and experimental basis, simple apparatus for measuring the permeability of soil to air in the undisturbed field condition.
I. THEORY OF ONE-DIMENSIONAL FLOW 3
The flow of gas through a soil is, subject to certain restrictions, comparable to the flow of water through a porous medium. In the latter case the Darcy equation v = (k//0(dp/dx) i is applicable if the flow occurs horizontally or if gravitational terms may be neglected. In this equation v = volume of water per unit time passing unit cross section taken perpendicular to the x-direction; k = permeability of medium; p. = viscosity of water; dp/dx = space rate of change of pressure.
Applied to a tube of cross section A, of length L, with pressures PI and P 2 at -its end, and through which a quantity of water Q flows in unit time, equation i takes the form Q = (k//OA(Pi-PO/L 2 an equation which may be used for determining permeability when the flow is horizontal.
If the flow occurs vertically upward, • as it is in permeameters designed to prevent trapping of air in the soil sample, the latter formula becomes Q= (k/ M )A[(Pi-P 2 )/L-7g] where 7 = density of the fluid; g = acceleration of gravity; and 7g is the force acting on unit volume of fluid in a downward direction in opposition to the force on unit volume (Pi -P 2 )/L acting upward.
In' the case of gases flowing through the soil-and if the flow is viscous-the above equations will be valid only if they are modified to take account of gas compressibility. However, before discussing this matter, it is noted that with gases the gravitational term in the last equation can be neglected, as the following calculation shows. Assume that (Pi -P 2 ) is as small as one cm of water and that L is 10 cm. T,hen in cgs units (Pi -P 2 )/L = 980/10 = 100; whereas 7g in cgs units = .001 X 980 •=. i. Thus even in this extreme case, where the pressure head is very small and the flow is assumed entirely vertical, the gravitational term is only i% of the pressure term and can be neglected.
In order to evaluate the compressibility effect, it is assumed that equation i is valid not only for liquids, but also for gases. Equation i, however, cannot be integrated in the case of gases, as was done in the case of water, since v is no longer a constant; v increases as the gas approaches the low pressure end of the tube.
Integration of equation i for gas flow is possible, if it is noted first, that the mass flux along the flow column will in the steady state be constant, and second, that the floV (being slow) will be isothermal. Analytically, the first condition is: 7v = constant, 7 being the density of the gas; and the second condition p = 7RT, R being the gas constant and T the constant Kelvin temperature. Combining these two conditions, it is seen that pv is a constant, so that if equation i is multiplied through by p, pv = (k/ju)p(dp/dx) ' 3 the left hand side is a constant; integration is immediately possible, and yields for a tube of length L with ends at pressures PI and P 2 -
This equation is obtained in more useful form by taking p = Pi, the exit pressure of the tube, and v = Qs/A, where Q 2 is the total volume of gas per unit time leaving the tube at the exit pressure.
Thus
or, since in terms of the mass flux Q m and the density 7 2 at the exit end of the tube, Q 2 = Q m /7 2 , Q m = k7 2 A(Pi 2 -P 2 2 )/( 2M LP 2 ) 4 an equation which can be solved for k to determine permeability.
With regard to the experimental verification of equation 4, data obtained by Muskat and Botset (s) 4 may be cited. They used glass beads and sands for the porous media and worked with pressures up to 69 lbs/in 2 absolute. Their curves of Q m vs'(Pi 2 -P 2 2 ) are linear only up to certain values of (Pi 2 -P 2 2 ), breaking theoretically where the flow becomes turbulent. The upper limits have been read from their curves and are shown in Table i . The corresponding values of (Pi -P 2 ) have also been calculated and recorded in the table.
Muskat and Botset also plot Pi 2 vs L for 3 heterogeneous sands and find that in the range tested L = o to 80 cm, Pi 2 = (14.7 lb/in 2 ) 2 to (38.7 Ib/in 2 ) 2 that P 2 2 varies strictly linearly with L, in accordance with equation 4. The validity of equation 4 for soils has to the writer's knowledge not been verified at high pressures. Its validity at low pressures, however, as will later appear, is certain. 
